Raman scattering measurements were carried out in self-organized Ge quantum dot superlattices. The samples consisted of 25 periods of Ge quantum dots with different dot sizes sandwiched by 20 nm Si spacers, and were grown using solid-source molecular-beam epitaxy. Optical phonon modes were found to be around 300 cm Ϫ1 , and a dependence of the Raman peak frequency on the size of dots was evidenced in good agreement with a prediction based on phonon confinement and strain effects. Acoustic phonons related to the Ge quantum dots have also been observed. © 2000 American Institute of Physics. ͓S0003-6951͑00͒03305-2͔
In recent years, considerable attention has been paid to self-organized Ge quantum dots both for fundamental physics studies and potential applications. Among those studies, a number of attempts were devoted to understanding the dot formation mechanism. 1 Meanwhile, interband 2 and intersubband 3 properties of Ge quantum dots have been studied for the development of novel quantum dot lasers and detectors. In addition, the well-arranged dot arrays were studied for possible applications in information processing. 4 Recently, we have shown that a Ge quantum dot system could have very small thermal conductivity and thus a high figure of merit for potential applications in implementing solid state refrigerator. 5 For this purpose, understanding the vibrational phonon processes in Ge quantum dots was indispensable since phonons are very important for heat transport, particularly in semiconductors. Indeed, a great deal of effort has been invested in studying the phonon transport processes due to strain effects and the change of alloy composition in single-layered Ge dots. 6 In contrast, little 7 has been done on multilayered dot superlattices. In this letter, we report the study of optical and acoustic phonons in Ge quantum dot superlattices by Raman scattering measurements.
Three samples, labeled A, B, and C, were grown by solid source molecular beam epitaxy on Si͑100͒ substrates kept at a temperature of 600°C and with growth rates of 1 and 0.2 Å/s for Si and Ge, respectively. All of these samples consisted of 100 nm Si buffer layers, followed by 25 bilayers, in which Ge layers were separated by 20-nm-thick Si spacer layers. The only difference among these samples is the different amounts of Ge deposition, yielding to different dot sizes. The thin foils destined for microstructure study were prepared using a cross-sectional procedure combined with ion milling. A Hitachi-9000NAR high-resolution electron microscope ͑HREM͒ with point-to-point resolution of 0.18 nm was employed for the microstructure analysis. small Ge quantum dots with a typical height of 20 Å. Table  I summarizes the structural properties of these samples. The amount of Ge in each Ge layer of sample A was controlled such that there was no visible dot formation but Ge wetting layers. As more Ge was deposited in samples B and C, it was measured that the height of the Ge dots was 15 and 20 Å for samples B and C, respectively. The dot densities and uniformities shown in Table I were obtained by atomic force microscopy scanning over the surfaces after the first Ge layers growth, indicating some differences between samples B and C. Raman scattering measurements were performed with a Renishaw Raman Imaging 2000 microscope at room temperature. All spectra were excited by the 514 nm line of an Ar ϩ ion laser and recorded with a Si charge-coupled device camera. Figure 2 shows the Raman spectra of the samples. The spectra were obtained in the 001(100,100)001 backscattering configuration with the same data accumulation time. As seen from Fig. 2 , the Ge-Ge optical modes can be clearly found at 296.5 and 298.2 cm Ϫ1 for samples B and C, respectively. For sample A, however, the Ge-Ge mode is too weak to be seen. First, it is important to distinguish these Ge-Ge modes of samples B and C from the second order transverse acoustic phonon modes for Si, which are typically around 303 cm Ϫ1 under proper configurations. 8 In fact, these Raman lines are asymmetric with a tail at the low-frequency side. Moreover, as the Ge dot size decreases the peak broadens and softens. This phenomenon, which is typically observed in the Ge nanocrystals, 6 is due to phonon confinement effects. 9 Furthermore, we argue that the Ge-Ge modes from samples B and C are mainly from their Ge dots rather than their Ge wetting layers. This is because in the 001(100,100)001 backscattering configuration, the signals from the two-dimensional Ge wetting layers are forbidden according to the selection rules. 10 The point can also be concluded by comparing the relatively strong Ge-Ge modes in samples B and C with a very weak signal from sample A. It is well known that the first order Ge-Ge optical mode frequency for bulk Ge is at 300 cm
Ϫ1
, but the Ge-Ge mode frequency of Ge nanocrystals can be changed by phonon confinement and strain effects: compressive strain leads to an upward shift of the Ge-Ge mode, while phonon confinement leads to a downward shift. Here, the additional phonon confinement effects in the dots of samples B and C compensate with the contribution from the compressive strain and lead to the downward shift of the Ge-Ge mode. Moreover, the smaller the dots ͑sample B͒ the stronger the phonon confinement effects, and thus, the lower the Ge-Ge optical mode frequency ͑296.5 cm
, compared with 298.2 cm Ϫ1 of sample C͒.
Phonon confinement effects in the Ge quantum dots can be further confirmed by performing annealing experiments. Figure 3͑a͒ shows a series of Raman spectra for sample C. All pieces were annealed at 760°C for different times. The Ge-Ge Raman line broadens and shifts to lower frequencies as the annealing time increases. This phenomenon was also observed when annealing sample B. Figure 3͑b͒ shows the annealing time dependence of the Raman shift for samples B and C. After a 20 min annealing, the Ge-Ge optical mode shifted downward by as much as 3.8 and 3.4 cm Ϫ1 for samples B and C, respectively. The compressive strain relaxes with increasing annealing time, and thus, the phonon confinement effects become relatively more important, which causes the observed peak shift. . No observable acoustic phonons are found for sample A and substrate. It is found that the first order acoustic phonon frequency increases with the decrease of the dot size, which is quite similar to that in the quantum well case, 11 and is also predicted in Si nanocrystals. 12 Obviously, these acoustic phonons in samples B and C are related to the Ge quantum dot superlattices. However, more studies, such as resonance Raman, are needed to verify whether these acoustic phonons are confined in the Ge dots or scattered by them.
In summary, we have reported Raman scattering studies on self-organized Ge quantum dot superlattices. Optical phonon confinement was evidenced in the Ge dots and the phonon frequency was found to change with the dot size and strain effects. Acoustic phonons related to the Ge quantum dot superlattices were observed. This work was supported by a US DoD/ONR MURI project on thermoelectrics ͑Dr. John Pazik͒.
